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Transient Receptor Potential A1 Channels

Insights Into Cough and Airway Inflammatory Disease

Maria G. Belvisi, PhD; Eric Dubuis, PhD; and Mark A. Birrell, PhD

Cough is a common symptom of diseases such as asthma and COPD and also presents as a
disease in its own right. Treatment options are limited; a recent meta-analysis concluded that over-
the-counter remedies are ineffective, and there is increasing concern about their use in children.
Transient receptor potential cation channel, subfamily A, member 1 (TRPA1) channels are nonse-
lective cation channels that are activated by a range of natural products (eg, allyl isothiocyanate),
a multitude of environmental irritants (eg, acrolein, which is present in air pollution, vehicle
exhaust, and cigarette smoke), and inflammatory mediators (eg, cyclopentenone prostaglandins).
TRPAL is primarily expressed in small-diameter, nociceptive neurons where its activation prob-
ably contributes to the perception of noxious stimuli. Inhalational exposure to irritating gases,
fumes, dusts, vapors, chemicals, and endogenous mediators can lead to the development of cough.
The respiratory tract is innervated by primary sensory afferent nerves, which are activated by
mechanical and chemical stimuli. Recent data suggest that activation of TRPA1 on these vagal
sensory afferents by these irritant substances could lead to central reflexes, including dyspnea,
changes in breathing pattern, and cough, which contribute to the symptoms and pathophysiology
of respiratory diseases. CHEST 2011; 140(4):1040-1047

Abbreviations: APAP = N-acetyl-p-aminophenol; CSE =smoke extract; OVA = ovalbumin; PCR = polymerase
chain reaction; RADS = reactive airways dysfunction syndrome; Th = T helper; TRP = transient receptor potential;

TRPA1 = transient receptor potential cation channel, subfamily A, member 1

AIRWAY INFLAMMATORY DISEASE AND COUGH

Cough is the most frequent reason for consultation
with a family doctor! or with a general or respira-
tory physician. Patients with chronic cough probably
account for 10% to 38% of respiratory outpatient
practice in the United States.? Chronic cough, of var-
ious causes, is a common presentation to specialist
respiratory clinics and is reported as a troublesome
symptom by 7% of the population.? Treatment options
are limited. A recent meta-analysis concluded that
over-the-counter cough remedies are ineffective,* and
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there is increasing concern about the use of therapies
in children.? Despite its importance, our understand-
ing of the mechanisms that provoke cough are poor.
Asthma and COPD are inflammatory diseases of
the airway characterized by airflow limitation. A com-
mon symptom of both these diseases is chronic cough.
Currently, the majority of patients with inflammatory
diseases of the airway are treated with a combina-
tion of long-acting B,-agonists and corticosteroids;
however, significant safety issues exist with these
therapies. Although long- and short-acting B,-agonists
help to provide patients with short-term relief from
airflow limitation, they do little to treat the underlying
pathology and many of the symptoms (including cough).
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Clearly these conditions represent a large unmet med-
ical need that should be addressed urgently by the

development of novel disease-modifying therapies.®”

TRANSIENT RECEPTOR POTENTIAL CHANNELS

The transient receptor potential (TRP) cation
channel, subfamily A, member 1 (TRPA1; formerly
ANKTM]1) is a Ca**-permeant nonselective channel
with 14 ankyrin repeats in its amino terminus belong-
ing to the TRP family, which in mammals is a
superfamily of at least 28 TRP channels.®® TRPs are
cation-selective channels that exhibit varying degrees
of calcium permeability and respond to a wide range
of stimuli (eg, temperature, mechanical, osmolarity,
chemical). A subset of TRP channels is activated by
different temperatures (eg, TRPV1-4, TRPMS, and
TRPA1L). TRPV1 and TRPV2 are activated by heat in
the noxious range (>42°C and > 52°C, respectively),
whereas TRPAL is reported to be activated by nox-
ious cold (< 17°C), and TRPV3, TRPV4, and TRPMS
are activated by innocuous warm and cool stimuli.!o-!!
But perhaps of greater interest, in the context of this
review, is that these channels are also expressed in
small-diameter sensory neurons whose cell bodies are
located in sensory ganglia (eg, jugular, trigeminal, dorsal
root) with projections to the periphery (eg, tongue,
skin, and visceral organs, including the lung).1214

The TRPA1 gene encodes a protein that has six
putative transmembrane domains with a proposed
pore region between transmembrane domains five
and six and with cytoplasmic N and C termini. The
native, functional channel is believed to form tetra-
mers, which operate as nonselective cation channels
in mammalian cells.’> TRPA1 was first cloned from
cultured human lung fibroblasts,'® but recent studies
suggest that TRPA1 is highly expressed in the sensory
nerve cell bodies within the trigeminal, dorsal root,
vagal jugular, and vagal nodose ganglia. Both the vagal
jugular and vagal nodose ganglia project TRPA1-
expressing C-fibers to the airways and lungs. Inter-
estingly, single-cell reverse transcriptase-polymerase
chain reaction (PCR) analysis revealed that TRPA1
mRNA, but not TRPMS, is uniformly expressed in
lung-labeled TRPV1-expressing vagal sensory neurons.
Neither TRPA1 nor TRPMS8 mRNA was expressed in
TRPVI1-negative neurons.'”

ACTIVATORS AND MECHANISM OF ACTIVATION
oF TRP CHANNELS

TRPA1 has been characterized as a thermoreceptor
that is activated by cold temperature.® In addition,
TRPA1 channels are also activated by a wide range of
chemical stimuli (Fig 1).15
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Electrophilic Agents

Many of the TRPA1 agonists described are reactive
electrophiles, including a range of natural products,
such as allyl isothiocyanate and allicin found in mus-
tard oil and garlic.'™9 The channel is also activated
by a multitude of environmental irritants, such as
ozone, isothiocyanate, cinnamaldehyde, acrolein, and
nicotine, many of which are present in air pollution,
vehicle exhaust, and cigarette smoke.2% However,
in addition to the exogenous electrophilic agents,
endogenous electrophilic agents have been found
to activate TRPA1, including some o,B-unsaturated
aldehydes, cyclopentenone prostaglandin metabolites,
and products of nitrative stress, such as 4-hydroxy-
2-nonenal and nitro-oleic acid.2#27 Point mutation
studies have identified that electrophile-mediated
activation of the TRPA1 channel occurs via the cova-
lent modification of three cysteine residues and one
lysine residue found on the intracellular N-terminal
ankyrin repeat sequence.

Nonelectrophilic Agents

TRPA1 can also be activated by a range of non-
electrophilic agonists, including certain anesthetics
(eg, isoflurane), menthol, A%tetrahydrocannabinol,
nonsteroidal antiinflammatories (eg, flufenamic, niflu-
mic and mefenamic acid, diclofenac, flurbiprofen,
indomethacin).?! It is believed that these agents acti-
vate TRPALI via an alternative mechanism, given that
they are not believed to be reactive enough to form
covalent bonds.

Indirect Activating Agents

TRPA1 can be activated by elevation in intracel-
lular calcium in the local environment, which sug-
gests that it can be activated via the activation of other
TRP channels in the locality or that calcium influx by
TRPAL itself increases intracellular calcium leading
to a positive feedback loop.?3 In fact, Ca2* is a key
regulator of TRPA1 activity, both potentiating and
subsequently inactivating it.** G protein-coupled
receptor agonists, such as prostaglandin E, or brady-
kinin, can also activate TRPV1 and TRPA1 channels
via hydrolysis of phosphatidylinositol 4,5-bisphosphate
and by production of diacylglycerol by the associated
phospholipase C. The inositol 1,4,5-triphosphate pro-
duced in parallel will release calcium from intracellular
stores by binding to the inositol 1,4,5-triphosphate
receptor located on the endoplasmic reticullum mem-
brane. In addition, as TRP channels activate, the
resulting inward currents depolarizes the membrane,
triggering the opening of low-threshold voltage-gated
sodium channels, which will further depolarize the
membrane triggering the opening of voltage-gated
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FIGURE 1. TRP channels act as thermosensors in sensory nerves. Transient receptor cation channels
expressed in sensory neurons are activated by ambient changes. TRPA1 is activated by noxious cold
from 17°C and colder temperatures. TRPMS, TRPV4, and TRPV3 are activated by warmer temper-
atures, with a similar threshold of 25°C for TRPMS (which senses chilling) and TRPV4. TRPV3 is
activatedy by hotter temperature (33°C threshold) creating a sensory link with TRPV1 and TRPV2,
which are activated by noxious heat with respective thresholds of 42°C and 52°C. All channels can also
be activated by a wide variety of agonists present in the environment. Natural stimulants are indicated
on the side of each channel with their most common natural source. TRP = transient receptor potential;
TRPA1 = transient receptor potential cation channel, subfamily A, member 1.

calcium channels. Calcium influx through voltage-gated
calcium channels and the ryanodine receptor will
induce elevation of intracellular calcium ([Ca2+].). This
significant [Ca?*]; elevation could be another mecha-
nism regulating the activity of TRP channels, thereby
inhibiting TRPV1 and activating TRPA1.333 This
cycled regulation of [Ca2*], by the membrane potential
and of membrane potential by [Ca?*]; is modulated
by the capacity of the cell to clamp intracellular level
of calcium, mainly via endoplasmic calcium ATPase
and plasma membrane calcium ATPase (Fig 2).

ANTAGONISTS

Despite the increased interest in TRPA1 as a ther-
apeutic target, there have been few TRPAI inhibi-
tors reported in the patent literature.?s However,
although the development of antagonists has been
slow, the number of identified agonists is continuing
to increase.’” Fortunately tool compounds that block
this channel have existed for several years. One of
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these is the nonselective cation channel blocker
ruthenium red, which, although it is described to be
a potent blocker, is not selective and blocks several of
the TRP channels, including TRPV1. Identification
of toxicity issues has prevented the development of
this compound.?

Interestingly, (=) camphor and related compounds
have also been reported to be weak TRPA1 antag-
onists. However, the high doses needed to block
TRPA1 in vivo, interaction with other TRP channels
(eg, TRPV3), and toxicity issues preclude these being
either useful tools or development compounds.’> AP-18
([Z]-4-[4-clorophynyl]-3-methylbut-3-en-2-oxime) is a
more selective, competitive TRPA1 antagonist, which
is believed to act via the displacement of ligands such
as cinnamaldehyde from its binding site.? Interest-
ingly, this compound has been used in vivo, and the
data generated have contributed to the evidence pre-
sented on the role of TRPA1 in the development of
mechanical and cold hypersensitivity characteristic of
inflammatory processes.? Unfortunately, not much is
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activation in the cell. TRPV1 and TRPAI produce a depolarizing
inward current, mainly calcium, when opened by the binding
of their respective agonists, such as capsaicin (V1), acrolein (A1),
resiniferatoxin (V1), or H* protons (V1). GPCR agonists, such as
PGE, or bradykinin, can also activate TRPV1 and TRPA1 chan-
nels via hydrolysis of phosphatidylinositol 4,5-bisphosphate and
by production of diacylglycerol by the associated PLC. The ino-
sitol 1,4,5-triphosphate produced in parallel will release calcium
from intracellular stores by binding to the inositol IP3R located
on the endoplasmic reticullum membrane. In addition, as TRP
channels activate, the resulting inward current depolarizes the
membrane, triggering the opening of low-threshold voltage-
gated sodium channels, which will further depolarize the mem-
brane triggering the opening of \/oltage—gatedp calcium channels
(VGCCQ). Calcium influx through VGCC and the RyR will induce
elevation of intracellular calcium ([Ca2*],). This significant [Ca2*],
elevation could be another mechanism regulating the activity of
TRP channels, thereby inhibiting TRPV1 and activating TRPA1.33%
This cycled regulation of [Ca* ], by the membrane potential (Vm)
and of Vm by [Ca2*], is modulated by the capacity of the cell
to clamp intracellular level of calcium, mainly via SERCA and
PMCA. Ca=voltage-gated calcium channel; DAG = diacylglycerol;
GPCR = G protein-coupled receptor; IP3R = 1,4,5-triphosphate
receptor; Na = voltage-gated sodium channels; PGE2 = prosta-
glandin E,; PLC = phospholipase C; PMCA = plasma membrane
calcium ATPase; RyR = ryanodine receptor; SERCA = endoplas-
mic reticulum Ca?*-ATPase. See Figure 1 legend for expansion of
other abbreviations.

known about the in vivo oral bioavailability, pharma-
cokinetic profile, and selectivity of this compound,
but some companies (eg, Abbott Laboratories) have
used this as a starting point and used this pharma-
cophore to inform the development of their own mol-
ecules. In fact, Abbott laboratories have disclosed
information on one of their lead compounds, (1E, 3E)-
1-(4-fluorophenyl)-2-methyl-pent-1,-3-one oxime, which
is a potent compound, with good oral bioavailability
and anti-hyperalgesic activity in an in vivo model of
osteoarthritis.?6 However, it is not clear whether this
compound is progressing to clinical trials.

More recently, HC-030031 has been developed
by Hydra Biosciences and is currently commercially
available. This compound has demonstrated in vivo
activity in a range of models? and has contributed to
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the wealth of data generated in the last 2 years on the
role of TRPA1 in hyperalgesia and in certain models
of inflammatory pain.?

TRPA1 AND COUGH

Recently, ion channels of the TRP class have been
implicated in the afferent sensory loop of the cough
reflex*42 and in the heightened cough sensitivity seen
in disease.** Agonists of the TRPV1 capsaicin receptor,
such as vanilloids and protons, are among the most
effective chemical stimuli that cause cough in awake
animals/humans.*-#2 It has long been established that
TRPV1 receptor activation can elicit a cough response
in both animal models and in humans.*-#2 This recep-
tor is polymodal and activated, by vanilloids (eg, cap-
saicin), noxious heat (=42°C), extracellular protons
(pH=5.9), endogenous lipids (eg, anandamide),
and eicosanoids (eg, leukotriene B,, 12-[S]-HPETE,
15-[S]-HPETE). However, it does not respond to many
irritants known to initiate cough. The mechanism
whereby a range of seemingly diverse irritants initiate
acute and chronic cough has remained a mystery until
an alternative “cough receptor,” which responds to
known environmental irritants, was discovered.

Another TRP receptor, which is not activated by
capsaicin, the TRPA1 channel, has been shown to
bind ligands such as acrolein, which is present in air
pollution and the acrid smoke from organic mate-
rial 20 A number of studies have demonstrated that
stimulation of TRPA1 channels activates the vagal
bronchopulmonary C-fibers in guinea pig and rodent
lungs.1#334 In addition, acrolein and cinnamaldehyde
have been shown to activate guinea pig isolated vagus
nerve with the selective TRPA1 antagonists, AP-18 and
HC-030031, able to cause a concentration-dependent
inhibition of acrolein-induced nerve activation. In addi-
tion, AP-18 was able to inhibited acrolein-induced
depolarization of isolated human vagus nerve.* Indeed,
recent data from our laboratory have shown that the
TRPAl-selective agonists acrolein and cinnamalde-
hyde induce coughing in guinea pigs and human
volunteers, respectively.> This finding has been con-
firmed by Andre and colleagues,* who stimulated
coughing in guinea pigs with aerosolized TRPA1-
selective agonists and subsequently demonstrated
inhibition of these responses with both selective and
nonselective TRPA1 blockers. In addition, cigarette
smoke-induced cough in guinea pigs can also be par-
tially (~50%) inhibited by HC-030031.6 It may be
that the tussive response remaining may be mediated
by activation of neuronal nicotinic acetylcholine
receptors, as a role for these receptors has been iden-
tified in cigarette smoke-induced cough in normal
volunteers.4” That TRPA1 has been identified as a
pro-tussive receptor in both clinical trials and a guinea
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pig model, and that this effect can be blocked by
selective antagonists, are extremely significant find-
ings. This opens up a whole new field of research for
potential antitussive remedies that could help to
alleviate cough, not only associated with the common
cold and seasonal flu, but more importantly for those
who suffer from excessive coughing associated with
chronic inflammatory diseases.

TRPAI, SENSORY HYPERRESPONSIVENESS,
ASTHMA, AND COPD

In addition to directly activating a cough reflex,
TRPA1 ligands may also be involved in the hyper-
sensitization of cough and other sensory reflexes.
In healthy individuals, stimulation of sensory nerves
may be protective; however, in individuals with air-
way disease, the heightened response to sensory irri-
tants may exacerbate disease and have a deleterious
health impact. For example, individuals with allergic
asthma are more sensitive to pollutants than healthy
individuals.®s* Neither the mechanisms through which
irritants stimulate sensory nerves nor the mechanisms
responsible for the heightened irritant responsive-
ness in airway disease are known, but upregulation
of TRP channel activity is a likely suspect. In fact,
chronic inflammation in a mouse asthma model was
shown to lead to changes in transcriptional patterns
of TRP channels, inducing expression of TRPV1 in
myelinated airway fibers.® Consistent with this observa-
tion were data demonstrating an increase in TRPV1
expression in nociceptive-like primary afferent neu-
rons in patients with chronic cough compared with
normal volunteers# and the observation of TRPV1
expression at nonneuronal sites in patients with
chronic cough.® More recently, the association of a
functional single-nucleotide polymorphism, TRPVI-
1585V, with childhood asthma has been identified.
The loss of function of TRPV1 genetic variant is asso-
ciated with a lower risk of active childhood asthma.>2

Exposures to high levels of TRPAl agonists
(eg, chlorine and aldehydes) often induces reactive
airways dysfunction syndrome (RADS).535 RADS
is characterized by asthma-like symptoms, including
cough.” The broad chemical sensitivity of TRPA1
may explain the sensitivity observed in patients with
RADS to multiple agents. An initial chemical sensory
challenge and tissue injury may sensitize TRPA1
channels through inflammatory signaling pathways,
thereby establishing long-lasting hypersensitivity
to multiple reactive chemicals.!3152056 Patients with
RADS are only partially responsive to current asthma
therapies. Interestingly, exposure to the environmen-
tal toxins ozone and toluene diisocyanate, 23 which are
now known to activate TRPA1, have been reported
to evoke symptoms such as cough, dyspnea, and
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wheezing.5"% Therefore, TRPA1 antagonists may be
useful for inhibiting the increased chemosensory
responses accompanying these conditions.

In addition to the role in sensory nerve hyperre-
sponsiveness, TRPA1 has also been implicated in the
symptoms and pathophysiology of asthma. Sensitiza-
tion and subsequent airways challenge of rodents
with ovalbumin (OVA) is a commonly used experi-
mental model system to recapitulate characteristic
features of allergic asthma, including lung tissue
inflammation, increased eosinophils, and elevated
levels of T helper (Th) 2-derived cytokines in BAL
fluid, increased mucus in the airways, airways hyper-
reactivity, and elevated serum IgE. In some models
(eg, Brown Norway rat model of allergic inflammation)
early asthmatic response and late asthmatic response
(LAR) can also be observed.? In models of OVA-
induced airway inflammation, HC-030031 has been
shown to inhibit eosinophilia and airway hyperre-
sponsiveness.® The role of TRPAI in this model
was then confirmed using TRPA1~/~ mice.® In order
to assess TRPAI expression and the possible contri-
bution of immune cells to the allergic mouse pheno-
type, Tagman quantitative PCR was used to compare
TRPAL transcript levels in cDNA derived from spleen
containing a large variety of leukocyte precursors,
Th2 lymphocytes, whole mouse lung and BAL fluid
leukocytes of OVA-challenged mice, and dorsal root
ganglia. Relative transcript quantities in spleen, Th2
cells, whole lung, and leukocytes were minimal, with
dorsal root ganglia expression several hundred-fold
higher. Additional quantitative PCR experiments
using cDNA prepared from primary leukocytes and
leukocyte cell lines failed to detect the presence of
TRPA1 ¢cDNA. These results point to a key role for
sensory neuronal TRPA1 channels in allergic airway
inflammation. Taken together these data suggest that
TRPA1 has an important role in allergen-induced air-
ways inflammation, mucus production, and airways
hyperreactivity in an animal model that recapitulates
characteristic features of allergic asthma.

In another study conducted by Raemdonck et al ¢!
HC-030031 significantly attenuated the LAR measured
by whole-body plethysmography in an OVA-sensitized
and -challenged rat model. A marked inhibitory effect
on the LAR was also observed with the muscarinic
receptor antagonist tiotropium. One could therefore
hypothesize that the TRPA1 blocker may be inhibit-
ing sensory nerve activation and as a consequence the
generation of central reflex events and activation of
parasympathetic nerves. In summary, these data sug-
gest that TRPAI blockers may have a therapeutic ben-
efit in the treatment of allergic asthma.

COPD is characterized by airflow obstruction,
which may be accompanied by airways inflammation,
mucus hypersecretion, and cough. The most important
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risk factor in the development of COPD is cigarette
smoking, and oxidative stress is believed to play an
important role in the lung tissue damage observed
in the airways of patients with COPD. In addition,
cigarette smoke extract (CSE) or aldehydes increased
Ca?* influx in TRPA1-transfected cells, but not in
control HEK293 cells, and promoted neuropeptide
release from isolated guinea pig airway tissue. Fur-
thermore, using isolated guinea pig bronchial rings,
Andre et al?® demonstrated that CSE as well as acro-
lein or crotonaldehyde produced a contraction of
bronchial rings that was inhibited by HC-030031, but
not by the TRPV1 antagonist capsazepine or reactive
oxygen scavengers. Lastly, instillation of CSE into the
trachea of wild-type mice and TRPA1~/~ mice only
induced plasma protein extravasation in the wild-type
mice. These data suggest that targeting TRPA1 may
have therapeutic potential in diseases caused by ciga-
rette smoke, such as COPD.

Acetaminophen  (paracetamol,  N-acetyl-p-
aminophenol [APAP]) is one of the most popular
analgesic/antipyretic medicines worldwide. In over-
dose, APAP causes severe liver damage via a toxic
metabolite, N-acetyl-p-benzo-quinoneimine, but it
is safe at therapeutic doses. However, in the past
10 years a wide series of epidemiologic studies has
shown that exposure to therapeutic doses of APAP is
one of the risk factors for asthma and COPD.¢2 Inter-
estingly, N-acetyl-p-benzo-quinoneimine, like other
electrophilic molecules, is a TRPA1 activator, which
can evoke neurogenic inflammation through the
release of neuropeptides from sensory nerve end-
ings. These TRPAl-mediated events may contribute
to the increased risk of asthma and COPD associated
with the therapeutic use of paracetamol.

THERAPEUTIC IMPLICATIONS

An emerging role for TRPA1 has become apparent
in the inflammatory response in animal models of
allergic airways inflammation®! and in the cough
reflex.#54 It is still unclear whether there is coopera-
tion between TRPV1 and TRPA1 channels. Both are
activated, for example, by tussive agents, and so it
could be possible that these TRP channels act in con-
cert to elicit functional responses. The dependence
of TRPA1 on Ca?" may result in the activation of
TRPA1 channels by an overflow of Ca2* in the locale
of other activated channels (eg, TRPV1) without ever
being modified by a reactive ligand. Furthermore,
TRPA1 channels may also act as an amplifier of other
Ca** mobilizing pathways.%> However, whether this
sort of cooperation exists in generating effects such as
the cough reflex has yet to be determined. It is clear
that blockade of both TRPA1 and TRPV1 can inhibit
or partially inhibit responses to a range of tussive
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agents.%* As such, it is difficult to predict whether
a TRPAI antagonist would be more effective than
a TRPV1 in heightened sensory nerve responsive
disease states or whether a combination drug would
be better. In fact, pharmaceutical companies may
choose to initiate drug discovery programs to develop
dual inhibitors based on the fact that both channels
may well play a role in respiratory disease and cough.
Unfortunately, the hyperthermic effects of TRPV1
antagonists reveal that TRPV1 is tonically active in
thermoregulatory pathways. This role of TRPV1 has
been identified as a potential confounding factor in
the clinical development of drugs of this class. At this
stage, it remains unclear if hyperthermia can be
separated from efficacy in pain, although this path is
being actively pursued.® Information to date would
suggest that TRPA1 has a more restricted expression
profile, which may make for a more optimal safety
profile, although this remains to be seen with the
increased testing of TRPA1 antagonists in both pre-
clinical and clinical studies.

CONCLUSIONS

In conclusion, the identification of a role for TRPA1
in airway inflammatory responses and in the cough
reflex has opened up a new area of research. This
novel and exciting finding could have major implica-
tions for understanding the pathogenesis of respira-
tory diseases and for the treatment of cough, which
presents as a significant unmet medical need. Because
of their central role and activation by a wide range of
irritant and chemical substances, either by exogenous
agents, endogenously produced mediators during
inflammation, or oxidant stress, we suggest TRPA1
channels should be considered as one of the most
promising targets currently identified for the devel-
opment of novel antitussive drugs and possibly
(if early reports are substantiated) a broader antiin-
flammatory role in airway disease.
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